The group A streptococcal M protein is an important virulence determinant eliciting protective and autoimmune responses against the streptococcus and cardiac myosin, respectively. In this report, the major human cardiac myosin-cross-reactive T-cell epitopes of M5 protein are identified and localized to myosin-like repeats within the M5 molecule. BALB/c mice were immunized with human cardiac myosin, and the dominant myosin-cross-reactive T-cell epitopes of M5 protein were identified with a panel of 23 overlapping peptides spanning the A, B, and C repeat regions of M5 protein. Human cardiac myosin-cross-reactive T-cell epitopes of M5 protein were localized to several sequences in the M5 peptides NT4 (GLKTENEGLKTENEGLKTE), NT5 (KKEHEAENDKLKQQRDTL), B1B2 (VKDKIAKEQENKETIGTL), B2 (TIGTLKKILDETVKDKIA), B3A (IGTLKKILDETVKDKLAK), and C3 (KGLRRDLDASREAKKQ). The NT4 repeated sequence LKTEN was highly homologous with a site conserved in cardiac myosins, the B repeat region peptides were 47% homologous to human cardiac myosin amino acid sequence, and the C3 sequence RRDL was identical to a highly conserved site in skeletal and cardiac myosins. Immunization of BALB/c mice with each of the overlapping M5 peptides revealed myosin-cross-reactive B-cell epitopes throughout the A and C repeat regions and one major epitope in the B repeat region containing the previously reported Gln-Lys-Ser-Lys-Gln (QKSKQ) epitope. The data suggest that the M5 peptides elicited higher antibody titers to cardiac myosin than to skeletal myosin and that several sites in the A and B repeat regions of M5 protein induced myocardial inflammatory infiltrates.
Group A streptococcal M protein has long been recognized as the major virulence determinant of Streptococcus pyogenes (26) , and it has been found to be structurally and immunologically similar to a number of host autoantigens, including myosin, tropomyosin, vimentin, keratin, and laminin (5-10, 13, 15, 20, 24, 25, 31, 44, 46) . Although elevated antibody responses against host tissues may be important in the development of immune sequelae following streptococcal infection, T-cell responses within specific tissues such as the heart may be responsible for the permanent cardiac valve damage that results from rheumatic fever. T-cell responses to M protein have been investigated in a number of studies (11, 19, 34, 35, 40, 41, 48) . Early work demonstrated that lymphocytes from patients with acute rheumatic fever (ARF) were highly responsive to streptococcal cell wall or membrane antigens (37) (38) (39) . In further investigations, it was reported that cytotoxic lymphocytes were present in the blood of ARF patients (22) and that cytotoxic lymphocytes could be stimulated with M protein (11) . More recent work has suggested that pepsin-extracted M protein, PepM protein, acts as a superantigen to stimulate human T cells expressing V␤2, V␤4, and V␤8 elements (47, 48, 50) . However, researchers in other laboratories have reported that neither recombinant nor native forms of M proteins have superantigenic activity (12, 16, 42) . Although there is disagreement over the superantigenicity of the M5 protein (12, 16, 42) , a superantigenic site of streptococcal M5 protein was reported to be localized to the amino acid sequence KEQENKETIGT LKKILDETVKDKLAKEQKSKQNIGALKQEL (50) . This sequence is located in M5 residues 157 to 197 as described in the sequence published by Manjula et al. (30) or in M5 residues 168 to 208 in the M5 gene sequence published by Miller et al. (32) . The superantigenic site is the B3 repeat in the B repeat region of the M5 molecule (50) . The M5 superantigenic sequence contains the QKSKQ site previously reported to react with antimyosin antibodies in ARF (7) . The M5 superantigenic sequence was shown to have a significant amount of amino acid sequence homology with other superantigens (50) .
The M5 serotype of S. pyogenes has been associated for many years with outbreaks of rheumatic fever (3) and is an important serotype to investigate for T-cell epitopes. T-and B-cell epitopes of streptococcal M5 protein defined by synthetic peptides in previous studies by Robinson and colleagues (40, 41) , by Good and colleagues (34, 35) , and in our own laboratory (unpublished data) are summarized in Table 1 . M5 peptides reported to induce antimyosin antibodies and myosincross-reactive T cells are noted in Table 1 . Kalil and colleagues recently reported that M5 protein-heart cross-reactive T-cell clones were isolated from rheumatic valves. The data imply that M protein-heart cross-reactive T cells are important in the pathogenesis of rheumatic heart disease (19) .
Cardiac myosin has been shown to produce myocarditis in immunized animals (23, 33, 45, 51) , and development of disease has been shown to be dependent upon the presence of CD4 ϩ T cells (45) . A myocarditis-producing peptide from A/J mouse myosin heavy-chain ␣ isoform (residues 334 to 352) was I-A k restricted and bound strongly to the I-A k molecule (14) . These findings suggested that autoantigenic peptides can bind strongly to major histocompatibility complex (MHC) molecules and behave similarly to epitopes from foreign antigens such as pathogens (14) . The evidence for specific cardiac myosin epitopes in the development of experimental autoimmune myocarditis is compelling. Researchers in several laboratories have identified specific sites in cardiac myosins which produce inflammatory heart disease (14, 28, 36, 51) . Myocarditic regions of cardiac myosins have been localized to the S1 (14, 36) , S2 (28, 36) , and light meromyosin (LMM) (51) fragments of the molecule. Neu and colleagues found that the myosin peptide (residues 334 to 352) which produced myocarditis in A/J (I-A k ) mice was not myocarditic in the BALB/c (class II MHC I-A d ) strain of mice, illustrating the importance of host susceptibility.
A region within the streptococcal M5 protein which produces myocarditis in MRL/ϩϩ mice was found to be a sequence unique to cardiac myosin and I-A k restricted and dependent on the presence of CD4 ϩ T cells (21) . In our report herein, we investigate M5 protein for myocarditogenic sites in BALB/c mice and find that there are several sites capable of inducing inflammation in the heart. Myosin-cross-reactive Tcell epitopes within the M proteins may break immune tolerance to epitopes unique to cardiac myosin and target the immune response to the heart in streptococcal rheumatic carditis.
In our experimental approach to define the myosin-crossreactive T-cell epitopes of M5 protein, we immunized mice with human cardiac myosin in order to identify murine antimyosin T-cell cross-reactivities with 23 overlapping M5 peptides. This approach differed from approaches used in previous studies in which M5 peptide-specific T cells were investigated 
MATERIALS AND METHODS
Antigens and immunoassays. Purified human cardiac myosin was prepared in our laboratory by previously described procedures (13) . The human cardiac myosin contained a single protein band at 200 kDa and did not contain actin or other contaminants. Purity of antigens was determined as homogeneous by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis as previously described (13) . Myosin was identified in Western blots with a myosin-specific monoclonal antibody (MAb), CCM-52 (a gift from William Clark, Cardiovascular Research Institute, Michael Reese Hospital and Medical Center, Chicago, Ill.). MAb CCM-52 recognizes a site in human cardiac myosin LMM near the HMM-LMM chymotrypsin cleavage site (13) .
The synthetic peptides of M5 protein shown in Table 2 were prepared by Ken Jackson, Molecular Biology Resource Facility, W. K. Warren Medical Research Institute, by using the 9-fluorenylmethoxycarbonyl strategy and subsequent highpressure liquid chromatography purification (4) . With the exception of peptide NT5, the synthetic peptides were composed of 18 amino acids with a 5-aminoacid residue overlap at each end. A diagram of the M protein shows the positions of the 23 peptides (Fig. 1) . The NT peptides span the A repeat region, the B peptides span the B repeat region, and the C peptides span the C repeat region. Figure 2 displays the complete amino acid sequence of the M5 protein as reported by Miller et al. (32) , with the A, B, and C repeats marked. Peptides shown in Table 2 do not include the 142 C-terminal residues downstream of the C repeat region.
The enzyme-linked immunosorbent assay (ELISA), SDS-polyacrylamide gel electrophoresis, and Western blot analysis were performed according to routine procedures as described previously (7-9, 15, 25) .
Immunization of mice with human cardiac myosin. For the T-cell studies, 4-week-old, BALB/c (H-2 d ) sex-matched mice obtained from the colony at the Oklahoma Medical Research Foundation were immunized in the footpad, inguinal region, axillary region, and dorsum between the scapulae with 100 g of purified human cardiac myosin in complete Freund's adjuvant (CFA). The immunization and peptide mapping procedure as described above was reported earlier for the mapping of dominant T-cell epitopes of multideterminant protein antigens (1, 17) .
Isolation of lymphocytes and tritiated thymidine uptake assay. Ten days postimmunization, the peripheral popliteal, axillary, and inguinal lymph nodes were removed from immunized test and control animals (three animals/group). The cells were harvested into a single cell suspension in 10% fetal bovine serum (HyClone Laboratories, Inc., Logan, Utah) in Iscove's modified Dulbecco's me- 
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containing 10% fetal bovine serum, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, and 0.001 M sodium pyruvate.
Lymphocytes were incubated at 37°C in 5% CO 2 for 5 days with intact protein antigen (2 to 200 g/ml) or with peptide (0.1, 1.0, or 10 g/ml) before the addition of [ H-labeled for 18 h prior to being harvested onto glass scintillation filters with a cell harvester (Brandel Biomedical Research and Development Laboratories, Inc., Gaithersburg, Md.). The filter was rinsed in trichloroacetic acid followed by methanol, placed into 4 ml of Readysafe scintillation fluid (Beckman Instruments, Inc., Fullerton, Calif.), and counted on the L1218 Rackbeta beta counter (LKB, Wallac Oy, Finland). Each sample was counted for 2 min. The samples were tested in triplicate, and results were recorded in counts per minute. Negative controls consisted of lymphocytes alone, and positive controls were lymphocytes stimulated with 10 g of concanavalin A per ml. Lymphocytes from control mice immunized only with CFA were tested simultaneously to determine the effects of adjuvant on the proliferation ability of the lymphocytes. In all experiments, there were three animals per group. The stimulation index (SI) for each sample was calculated by using the following formula: SI ϭ sample counts per minute/negative control counts per minute. Test samples with an SI over 3.0 were considered positive. Standard error was calculated for each set of triplicate tests. Five separate experiments were performed to determine the human cardiac myosin-cross-reactive epitopes of the M5 protein. The averaged data from four proliferation experiments at peptide antigen concentrations of 1 and 10 g/ml and the results of a separate proliferation assay at the peptide antigen concentration of 0.1 g/ml are shown (see Fig. 3 ). In all experiments the standard error was calculated.
Immunization of mice with synthetic peptides. Synthetic peptides were prepared individually in IMDM and were mixed with incomplete Freund's adjuvant, and 500 g was injected intraperitoneally into groups of three BALB/c mice. Injections were administered at 0, 2, and 4 weeks, and a final injection was administered at 6 weeks in phosphate-buffered saline (PBS). A group of three mice was euthanized and bled prior to the beginning of the experiment, and control animals were given injections of adjuvant alone for the entire 8 weeks of the experiment. Two weeks after the final injection, the animals were euthanized, serum was collected, and the animals' hearts were fixed in buffered formalin.
Histological examination of tissues. Hearts were fixed in buffered formalin and blocked in paraffin, and sections were cut and stained with hematoxylin and eosin. Stained tissue sections were examined microscopically for cellular infiltrates or damage. Lesions were graded according to the number of cells and the size of the area of infiltration. Mild infiltrates were defined as cellular infiltrates containing mononuclear leukocytes or lymphocytes. The scoring protocol for the Dallas criteria, for the pathological diagnosis of human myocarditis in heart biopsies, was used to characterize the lesions in the hearts of the mice immunized with M5 peptides. The scoring protocol is as follows: 0, no inflammatory foci; 0 to 1ϩ, fewer than three foci involving Ͻ10 myocytes in the cellular infiltration; 1ϩ, more than three foci involving Ͻ10 myocytes in the cellular infiltration; 2ϩ, 1 to 2 foci of myocarditis involving Ͼ10 myocytes; 3ϩ, more than two foci of myocarditis with confluent foci observed; 4ϩ, multifocal or confluent myocarditis throughout many regions of the myocardium. Each heart was scored, and animals with a score of 0.5 to 1ϩ or greater were considered positive. Examples of positive lesions are shown in the Results section.
RESULTS
Myosin-cross-reactive T-cell epitopes of streptococcal M5 protein. Lymphocytes isolated from the lymph nodes of myosin-immunized mice were incubated with human cardiac myosin at concentrations from 1 to 200 g/ml and with M5 protein peptides at concentrations of 10, 1, and 0.1 g/ml. The optimum proliferation of sensitized lymphocytes (20,000 cpm) was observed at 50 g of purified human cardiac myosin per ml.
Myosin-cross-reactive epitopes of M5 protein were identified in four separate experiments. The M5 peptides were tested at 10 g/ml with the myosin-sensitized lymphocytes, and the average of these four proliferation experiments is shown in Fig.  3A 
]).
Less dominant but positive sites (having SIs of Ն3.0) were peptides B2 (M5 residues 150 to 167; TIGTLKKILDETVKD KIA) and C2A (M5 residues 254 to 271; EASRKGLRRDLDA SREAK). These experiments were compared to four assays in which the M5 peptides were tested with the myosin-sensitized lymphocytes at a concentration of 1 g/ml. The average of these four experiments is shown in Fig. 3B , which reveals that the human cardiac myosin-cross-reactive epitopes of M5 protein are located in B1B2 (M5 residues 137 to 154; VKDKI AKEQENKETIGTL [SI ϭ 14.5]) and B2 (M5 residues 150 to 167; TIGTLKKILDETVKDKIA [SI ϭ 11.1]). Other less dominant but positive sites were peptides NT5 (M5 residues 59 to 76; KKEHEAENDKLKQQRDTL) and NT8 (M5 residues 98 to 115; KIKNGDLTKELNKTRQEL). The medium or noantigen control (1,773 cpm) was used to calculate the SIs for the experiments described.
In an additional experiment (Fig. 3C ), M5 peptides (0.1 g/ml) were reacted with lymphocytes from the human cardiac myosin-immunized mice; peptide NT4 (M5 residues 40 to 58; GLKTENEGLKTENEGLKTE) gave an SI of 3.4, and B1B2 (M5 residues 137 to 154; VKDKIAKEQENKETIGTL) gave an SI of 2.8. In this experiment, the background counts per minute for sensitized lymphocytes were 3,720 in medium alone or no-antigen control and 1,180 in mice immunized with CFA alone. M5 peptide B1B2 clearly stimulated myosin-sensitized lymphocytes at all of the concentrations tested. However, NT4 did not stimulate lymphocytes from myosin-immunized animals at the higher concentrations and was not an epitope commonly recognized by the immune lymphocytes. Nevertheless, we believe that NT4 is important to mention, because it was positive in one of our lymphocyte proliferation assays and was demonstrated to produce myocarditic lesions in the hearts of immunized mice as shown below.
Collectively, the data identify the dominant human cardiac myosin-cross-reactive epitopes of M5 protein in the NT4/NT5 and the B1B2/B2/B3A regions and in the C3 sequence in the C repeat region. The averaged data revealed several subdominant myosin-cross-reactive epitopes which include NT8 and Table  2 . The peptides shown in Table 2 do not include the 142 C-terminal residues downstream of the C repeat region. The A, B, and C repeat regions are marked.
C2A. Peptides C3 and C2A have a large amount of sequence identity.
Anti-M5 peptide sera reacted with cardiac and skeletal myosins. To determine which peptides could induce antimyosin antibody, BALB/c mice (groups of three) were immunized with each of the 23 overlapping synthetic M5 peptides. Antipeptide sera were titrated in the ELISA against human cardiac and rabbit skeletal myosin coated onto Immulon 4 microtiter plates at 10 g/ml. Titers were calculated at a 0.1 optical density titration endpoint. Figure 4 shows the titers of the 23 antipeptide serum samples compared with the adjuvant-immunized control. Titers against purified human cardiac myosin ranged from 25,600 to Ͼ204,800 in the ELISA for antipeptides NT4, NT6, NT7, NT8, B1A, B1B, B2B3B, C2B, and C3 (sequences are in Table 2 ). The titer for the control serum was 400. When skeletal myosin was used as the antigen, titers for anti-NT4, -NT6, and -B2B3B ranged from 1,600 to 6,400 in the ELISA, and the titer for the control serum was 400. These data suggest that the M5 sequences induce stronger responses to cardiac myosin than to skeletal myosin.
In the Western immunoblot assay, the antipeptide sera were reacted with human cardiac myosin to verify the ELISA results. Sera from each group of three immunized mice were pooled. Figure 5 shows the reactivity of each one of the antipeptide sera with cardiac myosin in the blot. The strongest reacting sera were anti-NT3, -NT4, -NT5, -NT6, -NT7, -B2B3B, -C1A, -C1B, -C2C3, and -C3 (sequences are in Table  2 ). A PBS and adjuvant control serum pool was shown to produce no reaction with the myosin. All sera were tested at a 1:1,000 dilution.
Histological examination of heart tissues from M5 peptideimmunized mice. Hearts from mice immunized with the M5 peptides were checked for lesions. Formalin-fixed heart tissues were stained with hematoxylin and eosin and examined microscopically for cellular infiltration. Some of the BALB/c mice immunized with peptides NT4 (M5 residues 40 to 58; GLKTE NEGLKTENEGLKTE), NT5 (M5 residues 59 to 76; KKEHE AENDKLKQQRDTL), NT6 (M5 residues 72 to 89; QRDTL STQKETLEREVQN), B1A (M5 residues 111 to 129; TRQE LANKQQESKENEKAL), and B3B (M5 residues 202 to 219; GALKQELAKKDEANKISD) developed mild lymphocytic infiltrates as described in Table 3 . The infiltrates were mild (0.5 to 1.5ϩ) lesions found in Ն10% of the total myocardium in a tissue section of the entire heart and scored by the Dallas criteria for myocarditis as described in Materials and Methods. Figure 6A shows the histology of a heart lesion from an NT4-immunized mouse, and Fig. 6C shows a heart section from a B1A-immunized animal. The lesions in animals given peptides NT5, NT6, and B3B were similar. Figure 6B shows tissue from a control animal which had no lesions. Hearts from animals given incomplete adjuvant were normal upon histologic examination. The M5 peptides NT1, NT2, NT3, NT7, NT8, B1B, B1B2, B2, B2B3A, B3A, B2B3B, C1A, C1B, C1C2, C2A, C2B, C2C3, and C3 (sequences are in Table 2 ) did not produce any heart lesions following immunization.
DISCUSSION
Since the streptococcal M protein is structurally and immunologically similar to myosin, the purpose of our study was to identify human cardiac myosin-cross-reactive B-and T-cell epitopes of the group A streptococcal M5 protein. Although a strong antibody response against the M protein is required for protection against homologous-type streptococcal infection, T- (18, 43) . These researchers report that a small number of determinants of a given antigen are presented in an immunodominant manner, with the rest of the peptides remaining silent or cryptic. Sercarz and colleagues report that the selection process for presentation of a determinant is dependent on a number of factors, including enzymatic processing sites in the protein antigen, competition with other determinants on the protein itself, T-cell suppression against a particular determinant, the type of antigen-presenting cell, and the affinity of the peptide fragment for the MHC molecule (18, 43) . Studies suggest that there is a strong correlation between the affinity of binding and the ability of a peptide to be presented by a particular MHC molecule. Our immunization protocol was designed to map dominant T-cell epitopes by a method described by Sercarz and colleagues (17) . This method is not one of hyperimmunization; on the contrary, it is defined by a single immunization so that only immunodominant regions of a protein will be identified in proliferation assays in which peptides are used as antigens. The immunodominant sites of a protein are the regions that are recognized by a large number of T cells (1, 17) . Therefore, host proteins which are homologous to immunodominant regions of a strong bacterial antigen might be expected to have an increased chance of producing cross-reactive T-cell responses. Our study is unique because we immunized mice with cardiac   FIG. 4 . Reaction of anti-M5 peptide sera with human cardiac myosin in the ELISA. Sera were diluted twofold and reacted with 10 g of human cardiac or rabbit skeletal myosin per ml in the ELISA. Endpoints were calculated at optical densities of 0.1 and 0.2. The endpoints at 0.1 are shown and were slightly higher but not significantly different from those at 0.2. The relative differences between cardiac and skeletal myosins observed at both endpoints and in different assays were the same. Titers of the antipeptide sera for human cardiac myosin (A) and rabbit skeletal myosin (B). Titers of the antipeptide sera against cardiac myosin indicated a more than fourfold increase in reactivity. a Positive was defined as cellular infiltrate present in Ն10% of the total heart section and lesions graded mild to moderate (0.5 to 1.5ϩ) according to the Dallas criteria and myocarditis scoring protocol described in Materials and Methods.
b NT1, NT2, NT3, NT7, NT8, B1B, B1B2, B2, B2B3A, B3A, B2B3B, C1A, C1B, C1C2, C2A, C2C3, and C3.
FIG. 6. (A and C)
Histological examination of formalin-fixed, hematoxylin-and-eosin-stained heart tissue sections from NT4-and B1A-immunized mice, respectively, revealed mild cellular infiltrates. Similar mild infiltrates were also seen in mice given peptides NT5, NT6, and B3B (Table 3) . (B) A hematoxylin and eosin stain of a section of heart tissue representative of that from control mice given incomplete Freund's adjuvant. Magnification, ϫ400 (A and C) and ϫ200 (B).
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myosin and stimulated T cells with streptococcal M protein peptides to determine regions of the M protein which were important to cross-reactivity with myosin. In autoimmune disease, a dominant determinant on a bacterial or viral protein may cross-react immunologically with a cryptic host protein epitope to which the host is normally tolerant (18) . Streptococcal M proteins have long been observed to have epitopes similar to those of human cardiac myosin as well as to those of other myosins and related molecules (5-7, 9, 10, 13, 15, 20, 24, 25, 31, 44, 46) . Our study revealed four potential myosin-crossreactive T-cell epitopes in streptococcal M5 peptides NT4/ NT5, B1B2/B2/B3A, and C3. The B1B2 sequence prevailed in proliferation assays at all three peptide concentrations (0.1, 1.0, and 10 g/ml) tested, while NT4 was evident only in proliferation assays in which 0.1 g of peptide per ml was used. The occurrence of NT4 dominance only once in our assays might be due to a difference in the enzymatic processing of epitopes in myosin in that particular assay or group of animals. Recently, we found that NT4 produced myocarditis in MRL/ϩϩ mice prone to autoimmunity (21) . In BALB/c mice, the NT4 peptide did produce a mild cellular infiltrate in two of three mice tested; however, NT4 was not as dominant as some of the other peptides in proliferation assays. It is possible that the site in human cardiac myosin which is similar to the NT4 sequence in M5 protein may be a cryptic epitope in BALB/c mouse cardiac myosin. Repeated immunization with mimicking epitopes may break tolerance for a cryptic epitope and lead to disease (27) . M5 peptides that consistently produced strong proliferative activity (NT5/B2/B1B2/B3A/C3) did not produce lesions in the heart (NT4/NT5/NT6/B1A/B3B). This finding may not be surprising if one considers animal models in which immunization with a self protein such as myelin basic protein leads to disease, but the peptide epitopes associated with disease production were not necessarily the immunodominant proliferative peptides (18) . This has been explained by the hypothesis that homologous host proteins have the ability to activate T cells against cryptic epitopes and are more effective at inducing experimental autoimmune disease in animals than a protein from a heterologous host (18) . In our situation, there are three explanations for the differences between the proliferating and the disease-producing peptides: (i) the responses to peptides are peptide specific and different from responses to intact protein antigens and (ii) the epitopes of cardiac myosin which cause disease are cryptic and do not appear dominant when M5 peptides are tested in proliferation assays or (iii) there is no processing of less-dominant peptides from myosin, which under different circumstances, such as hyperimmunization, would result in positive proliferation assays with the M5 peptides that caused disease. Hyperimmunization with human cardiac myosin would have allowed more and more T-cell epitopes to be exposed and become demonstrable in our proliferation assays. In this study, the experiments were designed to examine the most dominant cross-reactive peptides following a single exposure to myosin. Other experiments were designed to examine peptide regions that might provoke inflammation of the heart. These two types of experiments may not be correlative.
When the amino acid sequences of M5 protein and human cardiac myosin were compared by using the Fast P computer program, 19% identity and 70% homology were observed between the two molecules in a 270-amino-acid overlap found in the LMM fragment of the human cardiac myosin ␤ chain. The M5 peptides B1B2/B2/B3A, which induced the strongest proliferation response from human cardiac myosin-sensitized lymphocytes, have a significant amount of identity with myosin. The M5 peptide B2, which has the most (47%) identity with cardiac myosin in a 15-amino-acid overlap, is shown in Fig. 7A . Peptides B2, B1B2, and B3A contain overlapping and shared repeated sequences. The sequence VKDKIA is found in B1B2/ B2, VKDKLA is found in B3A, and VKAKNA is found in human cardiac myosin (Fig. 7A) .
A striking homology was observed in M5 peptide NT4 and the human cardiac myosin sequence, as shown in Fig. 7B . The homology between the M5 protein and cardiac myosins, found in M5 peptide NT4, repeats almost three times in the NT4 peptide and four times in the M5 molecule itself, but it does not repeat in cardiac myosin. The nearly identical sequence in cardiac myosin is found at the beginning of the LMM fragment of the human cardiac myosin ␤ chain as the sequence LQTEN. In streptococcal M5 protein, the sequence is LKTEN, while in the M6 protein the sequence is LTTEN. The homology in the human cardiac myosin ␤ chain and the M6 protein is shown in Fig. 7C .
Repetitive myosin-like sequences shared among B repeat peptides B1B2/B2/B3A may contribute to their cross-reactivity with myosin at the T-cell level. Peptide B1A was observed to produce lesions in the heart but was not positive in proliferation assays from cardiac myosin-immunized mice as described in this report. It may be processed only as a subdominant or cryptic epitope. Such epitopes may produce disease when the host eventually responds to the epitope under conditions of hyperimmunization or chronic exposure. Repeated exposure to streptococcal infections is known to occur prior to the development of rheumatic fever (3).
The C repeat region was also shown to contain a repeated amino acid sequence which was similar to myosin. Located within the conserved C repeat region of M5 protein, the RRDL sequence is a homolog of cardiac and skeletal myosins found in the heavy meromyosin region. This sequence repeats at least three times in the C repeat region of the M5 protein.
The C3 peptide sequence (KGLRRDLDASREAKKQ) contains the class I epitope of M protein which is present in group A streptococcal M protein serotypes associated with pharyngitis and rheumatic fever (2) . Although the C repeat region was shown to contain human cardiac myosin-cross-reactive T-and B-cell epitopes, the C repeat peptides did not produce cellular infiltrates in the hearts of immunized BALB/c mice. Previous studies have reported that a C repeat region peptide could generate antibodies reactive with denatured myosin (49) . Additional studies have shown the C repeat region to contain T-cell epitopes cross-reactive with selected human cardiac myosin peptides (34) . In our study, M5 protein sequences demonstrated to contain potential human cardiac myosin-crossreactive epitopes were within highly repeated regions of the M5 molecule. Repeated regions of M protein which are homologs of cardiac myosin may break tolerance to this potent autoantigen.
The immunological and sequence similarity of cardiac myosin to M5 protein may be an important observation. The comparison of anti-M5 peptide titers against cardiac and skeletal myosin revealed higher titers to cardiac myosin. Other rheumatogenic serotypes will need to be investigated to determine if this is a characteristic of rheumatogenic M protein serotypes. Potential human cardiac myosin-cross-reactive B-cell epitopes of M5 protein were identified by immunization with the 23 different peptides and then reaction of the antipeptide sera with cardiac and skeletal myosin. Streptococcal M5 peptides NT3 to NT7 in the A repeat region, peptide B2B3B in the B repeat region, and peptides C1A to C3 in the C repeat region were capable of inducing B-cell responses and antibody against human cardiac myosin. In the past (7), we identified in M5 protein the Gln-Lys-Ser-Lys-Gln (QKSKQ) site recognized by affinity-purified antimyosin antibody from sera of patients with ARF. The B2B3B peptide stands out vividly as a strong inducer of antimyosin antibody in BALB/c mice, against both skeletal and cardiac myosin. Although the B2B3B peptide contains a strong myosin-cross-reactive epitope recognized by humans and mice, it was not found to contain a T-cell epitope.
Antipeptide ELISA titers generally correlated with the Western blot analysis results. However, in a few cases, such as that of the anti-NT3 sera, the ELISA titer to myosin was low, while the anti-NT3 sera were positive in the blot assay. This might be explained by conformational changes between the myosin protein on the ELISA plate and SDS treatment in the Western blot analysis. Thus, the differences between the results of the Western blot assay and the ELISA can most likely be explained by the difference in the conformational states of the protein. Although the role of antimyosin antibodies in rheumatic heart disease is not clear, antimyosin antibody was shown elsewhere to deposit in the hearts of susceptible animals and produce myocarditis (29) . Table 4 summarizes the myosin-cross-reactive T-cell epitopes of M5 protein that we demonstrated in BALB/c mice and compares our results with those of Kalil and colleagues, who defined the M5 sequences recognized by T-cell clones from rheumatic heart valves (19). Table 4 also shows studies by Good and colleagues, who demonstrated that human peripheral blood cross-reactive T-cell clones responded to M5 peptides and myosin peptides (34) . A most important correlation shown in Table 4 is that M5 peptides NT5/NT6 and B1B2/B2, dominant myosin-cross-reactive epitopes in BALB/c mice, contain sequences that overlap with the M5 peptides recognized by T cells from rheumatic heart valves (19) . T-cell clones from rheumatic heart valves were reactive with the peptides of M5 protein and responsive to heart proteins in purified heart extracts. The collective evidence strongly suggests that certain regions of the M5 protein are involved in inflammatory heart disease in animals and in ARF.
Due to MHC restriction of T-cell responses, epitopes would not be expected to be identical in the human and the BALB/c mouse; however, we know very little about the binding of the cross-reactive peptides to MHC molecules or the T-cell receptor. It is interesting that viral, bacterial, and self peptides structurally similar but lacking sequence similarity contained important contact residues for HLA class II molecule and the T-cell receptor and were capable of stimulating an individual T-cell clone known to be responsive to the self peptide (52) . Therefore, peptides with diverse sequences could be recognized by a single T-cell receptor. These data suggest that the peptide surface contacted by the HLA class II and T-cell receptor molecules is important in the recognition and stimulation of the T cell. It is then understandable why immunologically cross-reactive sequences may not be required to have a large amount of sequence homology for the activation of specific T cells. In the present study there is sequence homology a Underlined sequences are common to the epitopes and sequences compared in Table 4 . b The amino-terminal TVTRGTIS sequence was taken from the M5 amino acid sequence published by Manjula et al. (30) and deviates from the M5 sequence published by Miller et al. (32) at positions 1 and 8.
c Sequences 81-96 and 163-177 were taken from the PepM5 sequence as reported by Manjula et al. (30) . These sequences appear in the PepM5 sequence as 67 to 89 and 174 to 188, respectively, as reported by Miller et al. (32) . All other sequences shown are from the M5 gene sequence reported by Miller et al. (32) .
d BALB/c mice immunized with purified human cardiac myosin and the recovered lymph node lymphocytes were stimulated with each of the peptides in tritiated thymidine uptake assays.
between myosin and the M protein, molecules which appear to contribute to disease.
Since cardiac myosin has a well-known ability to produce myocarditis, while skeletal myosin does not (23, 33) , amino acid sequences that are unique to cardiac myosins may be important for their cross-reactivity to M proteins and may target T-cell responses to the heart in rheumatic fever. The identification of the M protein and/or myosin epitopes presented by MHC class II molecules in the susceptible host is important for understanding how rheumatic carditis evolves. Data in our paper suggest that immune responses against M protein are directed more at cardiac myosin and that sequences such as NT4 and B1B2/B2/B3A are more homologous to cardiac myosins than to skeletal myosins. The hypothesis that M proteins may break immune tolerance to unique and pathogenic epitopes of human cardiac myosin may be important for defining the immune mechanisms of rheumatic carditis.
